G2A (from G2 accumulation) receptor is a member of the proton-sensing G-protein coupled receptor (GPCR) family and induces signal transduction events that regulate the cell cycle, proliferation, oncogenesis, and immunity. The mechanism by which G2A-mediated signal transduction is regulated by the extracellular pH remains unresolved. Here, we first visualize the pH-dependent G2A distribution change in living cells by a sortase A-mediated pulse labeling technology: the short-peptide tag-fused human G2A on human embryo kidney HEK293T cell surfaces was labeled with a small fluorescent dye in the presence of lysophosphatidylcholine, and the labeled G2A was chased at acidic and neutral pHs in real time by microscope time course observations. G2A internalization from cell surfaces into intracellular compartments was observed to be inhibited under acidic pH conditions, and this inhibition was relieved at neutral pH. Additionally, the internalized G2A was redistributed onto cell surfaces by jumping from a neutral to an acidic pH. From quantitative image analysis data, we conclude the amount of G2A on the cell surface was controlled by suppressing the G2A internalization rate by one-tenth in response to the extracellular acidic pH, and this acidic pH-induced G2A accumulation on cell surfaces may be explained by proton-induced dissociation of G2A from endocytic machinery.-Lan, W., Yamaguchi, S., Yamamoto, T., Yamahira, S., Tan, M., Murakami, N., Zhang, J., Nakamura, M., Nagamune, T. Visualization of the pH-dependent dynamic distribution of G2A in living cells. FASEB J. 28, 3965-3974 (2014). www.fasebj.org
signal transduction was observed to be enhanced only by lowering the extracellular pH without the addition of any ligands, and this low-pH-dependent enhancement was antagonized by treatment with a bioactive lysophospholipid, i.e., lysophosphatidylcholine (LPC) (24) . However, similar to other lysophospholipids, such as sphingosylphosphorylcholine, lysophosphatidic acid, and sphingosine-1-phosphate (25) (26) (27) , LPC has been identified mainly as an agonist of G2A and is reported to stimulate a broad array of cellular events, such as Ca 2ϩ accumulation (25) , cAMP accumulation (28) , and chemotaxis (29) in a G2A-dependent manner. In the chemotaxis of T cells to LPC, the low-pH-induced reduction of migration was briefly mentioned as a negative effect of the extracellular pH on G2A-mediated signaling (29) . These findings raise the possibility that, if the diverse responses of G2A are due to its conformational changes, depending on whether it is bound to ligands/proton, then at neutral pHs G2A might associate with inactivation machinery, e.g., receptor internalization, rather than signaling events.
The amount of GPCRs on the cell surface is well known to be controlled by internalization in response to extracellular conditions for protecting cells against overstimulation (30, 31) . Against agonist-induced overstimulation, the receptors are desensitized through internalization via arrestin/clathrin-mediated endocytosis through ligand-induced conformational changes of the receptor. Internalized receptors are either degraded in lysosomes or maintained in intracellular recycling compartments (31, 32) . Alternatively, most of the constitutively active GPCRs are spontaneously internalized in the absence of any ligands, and inverse to agonist-induced internalization. Such a constitutive internalization can be prevented by binding to a ligand (33) . Similar to such constitutively active GPCRs, G2A was observed previously to be spontaneously internalized into endosomal compartments using a murine G2A-green fluorescence protein (GFP) fusion construct (34) . Furthermore, the elaborate pulse-chase analysis of G2A-GFP successfully clarified that the surface localization of G2A was enhanced and stabilized by LPC treatment. Moreover, this LPC-induced G2A distribution onto cell surfaces led to the activation of the G2A-mediated signaling pathway. However, in this pioneer study, it was also reported that any effects of pH on G2A localization in the absence or presence of LPC were not observed (34) . Accordingly, the mechanism by which G2A is activated by extracellular protons had been assumed to be different from the receptor redistribution observed in LPC-induced activation.
In this study, we reexamined the effect of pH on G2A intracellular trafficking by using a site-specific protein pulse-labeling method. Post-translational labeling of tag-fused proteins with small chemical probes represents powerful tools for visualizing the innate localization and dynamic trafficking of a target protein in living cells (35) (36) (37) when compared with large fluorescent proteins being fused to a target protein. Moreover, small molecular probes potentially have less influence on the intracellular localization and functions of target proteins, and the timing of labeling can be more easily and strictly set up for chasing target proteins.
Our group and the others recently reported the methods for sortase-mediated C-and N-terminal labeling of cell surface proteins on living cells (37) (38) (39) (40) (41) . Sortase A (SrtA) from Staphylococcus aureus is a member of transpeptidases, which catalyze the ligation of two substrate peptides; SrtA specifically cleaves one substrate peptide (LPETGG) between threonine and glycine and then links the exposed carboxyl group of the threonine to the amino group of the N-terminal oligoglycine on another peptide (37, 42) . In the present SrtA-mediated labeling method, highly site-specific, stable, and rapid labeling of target membrane proteins could be achieved only by appending a fluorescent short peptide to the terminals of target proteins. Furthermore, by using this site-specific N-terminal labeling method (39), the agonist-induced trafficking of a GPCR, plateletactivating factor receptor (PAFR) was successfully evaluated (40) . Therefore, in this study, the short peptide tag-fused G2A was fluorescently labeled on cell surfaces by the SrtA-mediated N-terminal labeling method, and the labeled G2A from cell surfaces was continuously observed under either low-or high-pH conditions by a confocal laser microscope (Fig. 1) . Our data clearly showed that the internalization of G2A into intracellular compartments is suppressed under acidic condi- Figure 1 . Schematic illustration of the sortasemediated fluorescent labeling of G2A. Human G2A containing the LPETGGGGG tag at the N-terminus is expressed on the cell surface. Initially, the LPETGGGGG sequence is site-specifically degraded through sortase-mediated transpeptidation with a triglycine peptide. Next, attions, and reversely, the suppression of G2A internalization is relieved when the pH value is above 7.
MATERIALS AND METHODS

Reagents
Lysophosphatidylcholine (LPC, 18:0) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Alexa Fluor 488 carboxylic acid, succinimidyl ester, mixed isomers (AF488-NHS), Alexa Fluor 647 (AF647)-labeled human transferrin, and LysoTraker Red DND-99 were from Invitrogen (Carlsbad, CA, USA). The anti-HA antibody FITC conjugate was purchased from Bethyl Laboratories (Montgomery, TX, USA).
Preparation of SrtA and the AF488-conjugated LPETGG peptide
SrtA from S. aureus was expressed and purified by following our previous report (37) . A hexapeptide LPETGG was prepared by standard Fmoc solid-phase peptide synthesis and purified by reversed-phase high-performance liquid chromatography (RP-HPLC). The N terminus of the LPETGG peptide was modified with AF488-NHS in dry dimethyl sulfoxide including excess diisopropylethylamine. The product, AF488-modified LPETGG peptide (AF488-LPETGG), was purified by RP-HPLC and identified with matrix-assisted laser desorption and ionization time-of-flight mass spectrometry, as previously reported (38) .
Preparation of expression plasmids
The expression plasmid for LPETG 5 -G2A was constructed as follows. The gene encoding human G2A was subcloned into EcoRI and KpnI sites of the pCXN2.1-HA vector, as previously reported (24) , and was designated as pCXN2.1-HA-G2A. The gene encoding the LPETGGGGG sequence was inserted into pCXN2.1-HA-G2A by PCR using the forward primer (5=-AAAACTCGAGGCCATGCTACCCGAGACTGGTGGCGGA-GGTGGCTACCCCTACGACGTGCCCGAC-3=) and the reverse primer (5=-AAAAGAATTCAGCAGGACTCCTCAATCAGCCTC-3=) to yield pCXN2.1-LPETG 5 -HA-G2A. The expression plasmid for mRFP-NLS 3 , pcDNA-mRFP-NLS, was constructed as presented in previous work (37) .
Cell culture and transfection
Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco Invitrogen, San Diego, CA, USA), 0.584 g/L glutamine, 10% NaHCO 3 and kanamycin on a poly L-lysine-coated 35 mm glass-base dish (Iwaki Glass, Iwaki City, Japan) at 37°C with 0.5% CO 2 for 24 h before transfection. HEK293T cells were then cotransfected with pCXN2.1-LPETG 5 -HA-G2A and pcDNA-mRFP-NLS using the Lipofectamine Plus reagent (Invitrogen), according to the manufacturer's protocol. Before the labeling experiments, the transfected HEK293T cells were cultured for 24 h in the CO 2 incubator where the temperature and the CO 2 concentration were set at 37°C and 0.5% CO 2 , respectively.
Preparation of culture media with acidic and neutral pHs
The culture media with pH values of 6.5 and 7.7 were prepared by 50-fold dilution of 1 M HEM buffer, a HEPES/ EPPS/MES mixture (each 333 mM), with the pH value of 6.0 and 8.4 in DMEM containing 0.5 g/L NaHCO 3 , and 0.1% bovine serum albumin (BSA) [DMEM (0.1% BSA)], respectively. These media were denoted as DMEM (20 mM HEM, 0.1% BSA) (pH 6.5 or 7.7).
SrtA-mediated labeling of G2A on cell surfaces
The culture medium was removed from the dishes, and the cotransfected HEK293T cells were washed once with 1 ml of DMEM(-) (0.1% BSA). The cells were then incubated in a DMEM (0.1% BSA) containing 5 M LPC (18:0) for 2 h in the CO 2 incubator. After removal of the medium, the cells were incubated in DMEM (0.1% BSA) containing 1 mM triglycine, 30 M SrtA, and 0 or 5 M LPC(18:0) at 37°C for 30 min for cleavage. The cells were subsequently incubated in DMEM (0.1% BSA) containing 30 M SrtA, 10 M AF488-LPETGG, and 0 or 5 M LPC(18:0) at 37°C for 15 min for labeling. After labeling, the cells were washed with 1 ml DMEM (-) (0.1% BSA) three times and subjected to confocal microscopy.
Confocal microscopy observations of SrtA-mediated labeled G2A
The images of labeled cells were obtained using an LSM510 laser scanning confocal microscope (Carl Zeiss, Jena, Germany) with a ϫ40 objective lens. Time-lapse observation of the labeled G2A was performed by incubating the cells in DMEM (20 mM HEM, 0.1% BSA) (pH 6.5 or 7.7) on the stage of the microscope with a XL-Clear S1 incubator system (from Carl Zeiss, Jena, Germany). In the pH jump experiments, the pH of the medium was instantly increased from 6.5 to 8.5 by adding a small amount of 10% NaHCO 3 aqueous solution into DMEM (20 mM HEM, 0.1% BSA) (pH 6.5) in the dish, and then, reacidification to pH 6.5 was achieved by subsequently adding a small amount of an HCl solution.
Fluorescent staining with intracellular markers
For staining endosomal vesicles or late endosomes/lysosomes, the SrtA-mediated labeled cells were incubated in DMEM (20 mM HEM, 0.1% BSA) containing 10 g/ml AF647-labeled transferrin, or 100 nM LysoTracker Red DND-99, respectively. After incubation at 37°C for 45 min, the cells were washed with 1 ml DMEM (20 mM HEM, 0.1%BSA) three times and subjected to confocal microscopy.
Image analysis
The images obtained, as described above, were analyzed as follows. We manually cut out the fluorescent image of a target cell along the cell membrane contour from the original image and converted this image to a grayscale image (200ϫ200 pix). The binarized images were obtained from single-cell images by using the adaptive threshold, which was calculated from the mean brightness at each square block (45ϫ45 pix) by the OpenCV adaptive threshold function (http://opencv.jp/opencv-2.1/cpp/miscellaneous_image_transformations.html). From the binarized images, the two bunches of pixels at the cell surface and the intracellular regions were converted to the mask images with connected component labeling software (the labeling.h. function; http://oshiro.bpe.es.osaka-u.ac.jp/people/staff/imura/ products/labeling/source/Labeling.h). The average brightness of each region was calculated by dividing the sum of the original pixel brightness value in the mask region with the region area. To cancel out the influence of photobleaching and the slight pH sensitivity of the fluorescent dye, the average brightness of each region was normalized with the total average brightness of two regions, and normalized brightness of each region was plotted against the observation time of the analyzed image.
Model fitting
To derive an analytical fitting model for pH-responsive G2A distribution, we formulated a simple model where fluorescently labeled G2A was distributed at the cell surface membrane and the intracellular domain. In addition, we made the following assumptions for this model: Only the deprotonated G2A receptor can be internalized; the G2A receptor concentrations in each compartment (cell membrane and interior) are spatially uniform; the measured fluorescence intensity is proportional to the concentration of the labeled G2A receptor; the time change of interior volume (V i ͑t͒) can be evaluated by the measurement of the interior area, as determined by fluorescence image analysis; the time change of membrane volume (V m ͑t͒) is negligible, because the size of the cells and their membrane areas determined by the fluorescence image analysis were almost constant.
The pH-dependent internalization rate of the labeled deprotonated G2A receptor can be formulated as follows. The labeled protonated G2A receptor (G2A mem,de -H ϩ ) deprotonates into a labeled deprotonated G2A (G2A mem,de ) and proton. This process can be represented schematically as follows:
For this dissociation process, the acid dissociation constant (K a ) can be defined as follows:
͔ is the concentration of the total labeled G2A receptor on the cell membrane (͓G2A mem ͔).
The concentration of labeled deprotonated G2A receptor (͓G2A mem,de ͔) can be shown as follows:
We assumed that only the deprotonated G2A receptor internalizes into the interior compartment and that the internalization rate of the labeled G2A receptor is proportional to the concentration of labeled deprotonated G2A receptor on the cell membrane (͓G2A mem,de ͔):
Thus, the internalization rate can be shown as below:
The changes in the labeled G2A receptor concentration at the membrane and within the interior compartments can be shown by the following mass balance equations:
Furthermore, the relative volume of V i ͑t͒ to V m was obtained by image analysis as shown in the supporting information (Supplemental Figs. S1 and S2 and Supplemental Table S1 ).
The simulation was carried out in the Vcell platform. The values of k r and k i were searched by the 2D parameter scan ((10ϫ10 samples) ϫ 2 sets) at each pKa value (6.5, 7.0, 7.5 and 8.0), and the best-fitted ones were determined by minimizing the root-mean-square (RMS) error between the normalized measured fluorescence intensity and the simulated labeled G2A receptor concentration calculated by the Excel 2010 software (Microsoft, Redmond, WA, USA; Supplemental Fig. S3 and Supplemental Table S2 ).
RESULTS
Sortase-mediated labeling of G2A on cell surfaces
The N terminus of tag-fused G2A can be labeled with a fluorescent labeling reagent using our previously reported method based on a 2-step SrtA-catalyzed reaction on cell surfaces ( Fig. 1) (39, 40) . In the first step, to expose the N-terminal pentaglycine sequence on the tag-fused G2A, the LPETGGGGG sequence of the tag was site-specifically cleaved between threonine and glycine by treatment of G2A-expressing HEK 293T cells with SrtA and triglycine. Successively, in the second step, the labeling reagent consisting of the AF488-conjugated LPETGG peptide was linked to the exposed N-terminal pentaglycine on G2A by treatment with a mixed solution of SrtA and the labeling reagent. In this study, HEK293T cells were selected as a model cell, because exogenous proteins can be highly expressed by standard lipofection of the expression plasmid. HEK293T cells were cotransfected with the expression plasmids encoding the genes of LPETGGGGG tag-fused human G2A (LPETG 5 -G2A) and monomeric red fluorescence protein with a nuclear localized signal (mRFP-NLS 3 ), which was employed as a transfection reporter.
The SrtA-mediated labeling of LPETG 5 -G2A was performed with or without LPC treatment. In our labeling method, only LPETG 5 -G2A exposed on cell surfaces can be labeled, and therefore, the amount of surface expressed LPETG 5 -G2A is critical for clearly visualizing the G2A trafficking. LPC treatment was reported to enhance the surface expression of both murine and human G2A-GFP fusion proteins in Swiss 3T3 cells or DO11.10 cells (34) . Accordingly, before labeling, LPETG 5 -G2A expression cells were incubated with DMEM containing 5 M LPC for 2 h for increasing LPETG 5 -G2A on cell surfaces. Figure 2 shows the confocal microscopic images of LPETG 5 -G2A express-ing cells after SrtA-mediated labeling and following incubation either in the presence or absence of 5 M LPC. In all green fluorescent images, the fluorescence of AF488 was observed only on the transfected cells that were stained by the transfection marker protein. Accordingly, the specific labeling of LPETG 5 -G2A on living cells was successfully confirmed under our experimental conditions with and without LPC, and AF488-labeled LPETG 5 -G2A (AF488-G2A) was clearly visualized by confocal microscopy. In the presence of LPC during labeling ( Fig. 2A, B) , the green fluorescent images appeared brighter than the images taken for samples where LPC was absent (Fig. 2C) . This result indicates that the amount of AF488-G2A was increased by LPC-induced enhancement of LPETG 5 -G2A retention on cell surfaces during labeling.
After labeling, the fluorescence of AF488-G2A was observed in the presence or in the absence of LPC. As shown in Fig. 2B , a part of AF488-G2A on cell surfaces was triggered to internalize into intracellular compartments within 3 h following washout of LPC, while almost all AF488-G2A was retained on cell surfaces when 5M LPC was present ( Fig. 2A ). This result clearly shows that LPC treatment blocked the spontaneous internalization of AF488-G2A. The blockage of AF488-G2A internalization is consistent with and complementary to the previously reported LPC-triggered surface relocation of G2A-GFP (34) . In addition, it was demonstrated that the SrtA-mediated labeling with LPC treatment is useful for strictly chasing the intracellular movement of the cell-surface G2A: only the cell-surface G2A could be specifically labeled, and the labeled G2A could be retained on the cell surface until LPC was washed out at the desired time. Therefore, the present method was applied to further investigate the influence of pH on G2A trafficking.
Extracellular pH change-induced G2A trafficking
We first examined the effect of the extracellular pH on G2A internalization from cell surfaces into intracellular compartments. In our previous report, G2A-mediated signal transduction at various pHs from 6.8 to 8.8 was evaluated by promoter-luciferase reporter assay, and the promoter activation gradually decreased as the pH value increased, resulting in slight activity at pH 8.6 (24) . Accordingly, in this study, G2A trafficking was observed in this pH range. First, LPETG 5 -G2A on the cell surface was labeled with AF488 in a medium including LPC. Next, following the washout of LPC, the time-lapsed images of AF488-G2A were obtained in a medium with pH values of 7.7 and 6.5. At pH 7.7, AF488-G2A was visualized to internalize within 40 min and to gradually accumulate in intracellular compartments over time (Fig. 3A) . In contrast, the intracellular accumulation of AF488-G2A was barely observed at pH 6.5, and even after incubation for 120 min a significant fraction of AF488-G2A was localized on the cell surface (Fig. 3B) . From these results, the extracellular pH appears to influence the internalization of G2A in the absence of LPC. To strictly show the influence of the extracellular pH on G2A trafficking, the extracellular pH was instantly changed from 6.5 to 8.5 by adding a 10% NaHCO 3 solution into the medium during observation (Fig. 4) . Before the pH jump, the internalization of AF488-G2A was barely observed within 35 min, as shown in Fig. 3B . On the other hand, AF488-G2A gradually accumulated in a certain cellular compartment within 30 min after the pH jump to 8.5 (Fig. 4 , from 40 to 70 min). This change in AF488-G2A internalization on the same cells between before and after the pH jump clearly shows that the internalization of G2A was regulated by the extracellular pH: the internalization rate seems to be extremely slow under acidic pH conditions and increases when the pH is shifted to a value above neutral pH.
Next, to identify where AF488-G2A was accumulating following an increase in the extracellular pH, we examined the colocalization of AF488-G2A with two intracellular organelle markers, namely, fluorescent-labeled transferrin and LysoTracker (Fig. 5) . The former is a marker of endosomal vesicles, and the latter stains late endosome/lysosomes. In a previous report, at neutral pH, G2A-GFP was localized on the endosomal vesicles that were stained with fluorescently labeled transferrin, whereas significant colocalization with LysoTracker, the ER marker, and the Golgi marker was not observed (34) . Similarly, in this study, the AF488-G2A in the intracellular regions was found to colocalize with AF647-labeled transferrin rather than with the LysoTracker Red at pH 7.4 (Fig. 5A, B) . However, at pH 6.5, almost all of the AF488-G2A was retained on cell surfaces and no colocalization with intracellular markers was observed (Fig. 5C, D) . This result clearly indicates that increasing the extracellular pH to the neutral value triggers the internalization of G2A through endosomal pathways and that the internalized G2A is localized on endosomal vesicles without trafficking to the late endosome/lysosomes. Therefore, the internalized G2A is assumed to return to cellular membranes through recycling endocytosis as found for other GPCRs (31, 32) .
We aimed to visualize the redistribution of AF488-G2A from endosomal vesicles to cellular membranes. After internalization of AF488-G2A at pH 8.5, the extracellular pH was shifted back to pH 6.5 by the addition of an HCl solution. If AF488-G2A returns to cell surfaces through recycling pathways, the fluorescent intensities on the cellular membranes may increase with simultaneous decrease of intracellular fluorescence. As shown in Fig. 6A , the strong fluorescence of the intracellular compartments was observed to decrease immediately following the shift of the extracellular pH to an acidic value. Additionally, the cell-surface fluorescence appeared to slightly increase in parallel with the decrease of the intracellular fluorescence. To clearly show this, these time course images were analyzed by image analysis based on adaptive binarization. The analyzed data showed that the decrease in fluorescence of the cell surfaces reverted to an increase following reacidification, whereas the intracellular fluorescence was found to decrease (Fig. 6B, C) . These results clearly showed that the internalized AF488-G2A was redistributed to cell surfaces by reacidification. Thus, it was first directly visualized that the G2A internalized from the cellular membrane can return to the cell surface, probably through recycling endocytosis.
To further understand the mechanism of pH changeinduced distribution of G2A, we applied the two-region distribution model to fit the image analysis data. In this model, the internalization rate depends on the protonation of a key amino acid on G2A; however, the recycling rate is only proportional to the concentration of G2A in the intracellular region, independent of the extracellular pH. As shown in Fig. 6B , C, the analytical data fitted the simulated data well using this model, where the pK a value of the key amino acid on G2A was set to 7.5 (Fig. S3) . Furthermore, in this case, the internalization rate k i at pH 6.5 was one-tenth smaller than at pH 8.5 (Supplemental Table S2 ). Thus, the change in the internalization rate due to a shift in the extracellular pH is likely to be the main factor in inducing a change in the distribution of G2A.
DISCUSSION
Post-translational pulse labeling enables the most accurate and simplest monitoring of protein trafficking, whereas target-specific pulse labeling with high efficiency is not easy to achieve with conventional labeling methods (35) (36) (37) . In this study, the SrtA-mediated site-specific N-terminal labeling method was employed for specific pulse labeling of G2A. By using this method, highly site-specific and rapid labeling of target membrane proteins on living cells could be achieved owing to the advantages of SrtA-mediated transpeptidation, such as high substrate specificity and reactivity (39, 40) . The specific labeling of G2A on living cells was successfully completed through the 2-step SrtA-mediated reaction over 45 min (Fig. 2) . Furthermore, it is noteworthy that only G2A on cell surfaces was potentially labeled with the fluorescent dye. This is because both SrtA and the labeling reagent cannot spontaneously permeate the cell membrane. In addition, in this case, LPC treatment blocked the spontaneous internalization of the labeled G2A during the labeling period (Fig. 2) .
However, conventional labeling by expressing the protein as a fusion construct with a fluorescent protein clearly offers absolute specificity and certainty of targeted labeling of proteins in living cells. Since this labeling method easy to perform, this approach has been widely employed to investigate protein localization in living cells. With this approach, pulse labeling for accurately monitoring of protein dynamics requires further technology for controlling the expression timing and lifetime of the fusion proteins or using a photoactive fluorescent protein (43) . For example, the pulse-chase analysis of the G2A-GFP fusion was performed by limiting the expression timing with both a tetracycline-regulated expression system and a protein synthesis inhibitor (34) . In this pioneering study, G2A-GFP was expressed for 5 h just before observation. However, at the beginning of the observation, G2A-GFP at different stages in their lifetime may be observed, because G2A-GFP was continuously being synthesized, folded, modified, transported, and degraded during the period of expression. This has been previously pointed out as a disadvantage of the GFP fusion approach (43) . Therefore, compared to the previous study, the present SrtA-mediated pulse-labeling method can potentially achieve a more accurate analysis of G2A trafficking.
We first visualized the pH change-dependent distribution changes of G2A in living cells by SrtA-mediated pulse labeling. Nearly a decade ago, the proton-sensitive ability of G2A was confirmed by a reporter gene assay and by measuring inositol phosphate accumulation (24) . Similar to other proton-sensing GPCRs, such as OGR1 and GPR4, which are similar to G2A in structure, G2A was activated at low (i.e., acidic) pH values. In this previous report, mutagenesis of His-259 of G2A led to low cell surface expression of G2A and the elimination of the low-pH-dependent activation of G2A signaling; as observed for the His-245 mutant of OGR1 (equivalent to His-259 in G2A). From these results, the relationship between the pH-dependent activation and the cell surface distribution of G2A was already a possible hypothesis. However, in the pulsechase analysis of the G2A-GFP fusion, the pH-dependent distribution change was not observed (34) . Therefore, it is necessary to reexamine the effect of pH on G2A trafficking with a more accurate monitoring method that clarifies the mechanism of the pH-dependent activation of G2A signaling.
In this study, the observed results are quite different from the results obtained using the G2A-GFP. The pH-dependent redistribution of the labeled G2A was clearly observed by microscopic time course analysis (Figs. 3, 4, and 6 ). This difference in the trafficking of labeled G2A is assumed to be derived from the difference of the fluorescent probes. In the present SrtAmediated labeling, only a short fluorescent peptide consisting of 9 amino acids and a small fluorescent dye was appended to the N terminus of G2A as a probe (Fig. 1) , whereas a large GFP molecule was fused with G2A in the previous report (34) . As a disadvantage in labeling with GFP variants as probes, it has been reported that the steric bulk of these proteins (at least 220 aa) has the potential to perturb significantly the trafficking of proteins that are fused to this marker protein (44) . Furthermore, GFP is well known to be negatively charged (isoelectric point: pH 4.7-5.1) from mild acidic to neutral pH values. This negative charge of GFP might also perturb the proton-sensing molecular machinery of the GPCR subfamily, which was previously reported to consist of basic amino acid pairs such as His-17:His-84 and His-20:His-269 in OGR1 (5). Thus, we present the first pH-dependent internalization rate change of proton-sensing GPCR that has been successfully achieved using SrtA-mediated labeling with a small fluorescent probe.
GPCR is desensitized through endocytotic internalization and this process protects cells against overstimulation. Also, the intracellularly stored receptor is recycled in response to the extracellular conditions through recycling endocytosis (31, 32) . Accordingly, similar to other GPCRs, the G2A distribution between the cell surface and intracellular compartments can be explained by the balance between internalization and recycling. From observation of AF488-G2A in this study, G2A internalization was first found to be blocked under an acidic pH value and relieved at pH values above 7 (Figs. 3B  and 4) . Additionally, as shown in Fig. 6 , the internalized G2A was confirmed to be returned to cell surfaces through recycling endocytosis. Based on this observation, we applied a simple 2-region distribution model to image analysis of our data. As a result, the simulation curve fitted well to the image analysis data (Fig. 6B, C) . From these results, the pH-dependent G2A distribution may be explained as follows (Fig. 7) . At an acidic pH, the G2A internalization rate is relatively slow, and most of the labeled G2A is distributed on the cell surface. Following a pH jump to pH above 7, the internalization flux of G2A surpasses the recycling flux owing to the high concentration of deprotonated G2A on the cell surface. This results in a high internalization rate of labeled G2A. Accordingly, the intracellular accumulation of labeled G2A was clearly visualized. After reacidification, the internalization rate decreased, probably owing to protonation of a key amino acid on G2A, whereas a low pH had negligible influence on the recycling rate. In addition, the concentration of labeled G2A in the intracellular region was relatively large. Accordingly, the recycling flux of labeled G2A largely surpassed the internalization flux. Thus, the low internalization rate at acidic pH values is assumed to cause Figure 6 . Time-course images of fluorescently labeled G2A before and after pH neutralization and re-acidification. A) The time-course changes in the distribution of AF488-labeled G2A in living HEK293T cells were observed before and after pH neutralization from 6.5 to 8.5, and successive re-acidification from 8.5 to 6.5. The green fluorescent images of AF488-labeled G2A were obtained with a confocal microscope every 5 min at pH 6.5 and every 1 min at pH 8.5, following the 10 min labeling period. At a time between 25 and 26 min after labeling, the pH value of the medium was rapidly increased on the microscope stage by the addition of a small amount of 10% NaHCO 3 aqueous solution, and at a time between 40 and 45 min, the pH was decreased by the addition of a small amount of an HCI aqueous solution. The scale bars represent 20 m. B) The normalized average fluorescent brightness of the intercellular region was plotted against the time after labeling. C) That of the cell surface region was also plotted. The black and grey arrows indicate the timing of pH neutralizing and re-acidification, respectively. The fitting curves were obtained by stimulating a 2-region distribution model. the pH change-induced redistribution of labeled G2A on the cell surface, which was observed in this study.
It was previously reported that G2A-mediated signal transduction for zif 268 promoter activation and IP accumulation was enhanced by lowering the extracellular pH (24) . In this study, at acidic pHs, the internalization rate of G2A was drastically reduced, leading to cell surface distribution of G2A. This correlation between the signal transduction and the cell surface amount of G2A strongly suggests that protonation of G2A changes its conformation to the structure which interacts with a G protein rather than the adaptor protein for endocytosis, although the detailed endocytic machinery remains unclear. In the previous report, G2A-GFP was also reported to be constitutively internalized in the absence of LPC at neutral pHs, and addition of LPC induced surface distribution of G2A with activation of G2A signal transduction for cell migration (33) . From these, both proton recognition and LPC binding may cause conformational changes, resulting in dissociation of G2A from endocytic machinery proteins. Furthermore, LPC binding was also reported to antagonize proton-induced activation of signal transduction (24) . Accordingly, proton recognition and LPC binding are assumed to induce different G2A conformations which associate with different G proteins, respectively. Further experiments are needed to fully understand the mechanism of pH changedependent G2A signal transduction. However, the present study has clearly visualized pH change-dependent G2A distribution changes, and these results should promote our understanding of the proton-sensing system of G2A and provide clues to the common mechanism by which the activities of proton-sensing GPCRs are regulated by the extracellular pH. Figure 7 . Schematic illustration showing the change in G2A localization due to the pH change-induced mechanism. At the first acidic pH after the washout of LPC, the fluorescently labeled G2A slightly internalizes owing to the small internalization rate of deprotonated G2A. After the pH jump to neutral pH, the internalization flux of the labeled G2A surpasses the recycling flux because of an increment of the internalization rate of deprotonated G2A, which is proportional to the increase of the deprotonated G2A concentration on the cell surface. After re-acidification, the recycling flux reversely overtakes the internalization flux because the internalization rate decreases again owing to the decrease in the deprotonated G2A concentration on cell surface under acidic pH conditions.
